This Institutional Review Board-approved pilot study attempted to detect the correlation between ultrasound shear wave elastographic measures and tendon loads. Five male fresh-frozen cadaveric Achilles tendons were loaded in 10-N increments from 0 to 60 N. Shear wave velocity measurements within each Achilles tendon were obtained at each load in longitudinal and transverse orientations. Shear wave velocity measurements were correlated with tendon tension on both longitudinal and transverse plane imaging and showed moderate and strong positive correlation coefficients, respectively. Of note, limitations of the clinically available shear wave elastographic technology for measuring high velocities exist.
A chilles tendinopathy is a common degenerative process, which is disproportionately seen as a sports-related injury affecting men in their third and fourth decades. [1] [2] [3] Although tendinosis affects 34% of Achilles tendons at autopsy, rupture is relatively rare, with an annual incidence of 18 per 100,000. 1, 2 Tendinopathy is characterized by loss of tendon collagen and fiber disorientation on histologic analysis and is depicted on grayscale ultrasound (US) images as tendon thickening, heterogeneity, and hypoechogenicity. [4] [5] [6] Ultrasound can be used for diagnoses of tendinosis, as well as partial-and full-thickness Achilles tendon tears with high accuracy, allowing for widespread clinical use. 4, 7 Conventional US does have limitations for the evaluation of biomechanical tendon properties. The grayscale appearance of a tendon provides no information about its elasticity or how it will respond to stress. 8 The ability to quantify tendon strength in vivo has potential clinical value because a tendon's elasticity and the ultimate stress at which it fails are highly correlated. 9 An accurate, repeatable method for the assessment of tendon elasticity would provide valuable clinical information about tendon rupture risk, including risk of retears in postoperative patients. Shear wave elastography (SWE) is a US technique with promise to provide useful, quantitative information on internal tendon structures. The US transducer generates shear wave vibrations and measures the propagation velocity in the tissue of interest. 10 In theory, the velocity is proportional to tissue stiffness (or the Young modulus [E]), with the shear wave traveling with greater speed in "stiffer" tissues with a higher E value. 10 Several groups have demonstrated quantitative and semiquantitative negative correlations of SWE velocity with the presence of Achilles tendinopathy, indicating these tendons are "softer" than normal tendons. [11] [12] [13] Numerous animal and human biomechanical studies have shown that tendons with a lower E value fail at a lower ultimate load, which suggests that softer tendinotic tendons are at increased risk for rupture. 9 By measuring the shear wave velocity (SWV) in normal Achilles tendons under varied loads, we aimed to correlate the degree of the tendon load with the measured SWE velocity using a clinically available US system, with this study serving as a pilot for future tendon-loading and rupture risk assessment studies.
Materials and Methods
This study was Institutional Review Board approved. Five male fresh-frozen cadaveric lower extremity specimens amputated at the mid tibia (average age of 62.5 years) were thawed at room temperature. The foot was rigidly fixed, with the ankle in a neutral position and the proximal tendon end clamped in a material-testing system (MTS Systems, Eden Prairie, MN; Figure 1 ). Each Achilles tendon was loaded in 10-N increments from 0 to 60 N. All imaging and SWV measurements were performed with a LOGIQ E9 US scanner and a 9-MHz linear transducer (GE Healthcare, Milwaukee, WI). The transducer was coated with gel and fixed in place at the critical zone of each Achilles tendon. Normal fibrillar tendon architecture and uniform thickness was confirmed on grayscale US images. Minimal pressure was applied to avoid axially loading the tendon.
14 A single operator obtained 3 SWV (meters per second) measurements at each load increment in longitudinal and transverse orientations to the tendon.
Mean longitudinal and transverse SWV measurements and the differences between the measurements at each load increment were summarized as means and standard deviations. The Spearman correlation coefficient was used to evaluate the association between the tendon load and mean longitudinal and transverse SWV measurements, and the 95% confidence intervals of the correlation coefficients were estimated by the Fisher z transform. Analyses were performed with SAS version 9.4 software (SAS Institute Inc, Cary, NC).
Results
Mean longitudinal SWVs were greater than mean transverse SWVs at each level of tension between 0 and 30 N ( Table 1) . These findings are readily appreciable on the color elastograms, where the longitudinal Achilles SWE measurements coded to higher velocities than the Figure 1 . Experiment setup. The cadaver specimen was rigidly fixed in place, and axial tension was applied in 10-N increments between 0 and 60 N. The transducer was fixed while apposed to the critical zone of the Achilles tendon with imaging, and SWV measurements were performed in longitudinal and transverse orientations. transverse SWE measurements at the same load ( Figure  2 ). The longitudinal elastograms were noted to be homogeneous, whereas the transverse elastograms showed higher velocities in the center. At loads higher than 30 N, a striped artifact perpendicular to the tendon fibers and voids in the elastogram were encountered in the longitudinal elastogram, rendering SWV measurements invalid (Figure 3 ). There were moderate and strong positive correlations between longitudinal (r 5 0.61; 95% confidence interval, 0.22-0.83) and transverse (r 5 0.68; 95% confidence interval, 0.44-0.82) SWVs with tendon loads, respectively (Figure 4) . Transverse SWV measurements were effectively obtained at all loads between 0 and 60 N ( Figure 5 ). Longitudinal SWV measurements could not be obtained at loads higher than 30 N because of the previously described artifact.
Discussion
Shear wave elastography is gaining rapid popularity in musculoskeletal research as a tool for quantitative tissue assessment. Several studies have shown that tendinotic, ruptured, and surgically repaired Achilles tendons are softer or less elastic than normal tendons on strain elastography 15, 16 and SWE. 11, 12, 17 Others have confirmed the reproducibility of SWE measurements in tendons. 14, 18 Our results show a positive, linear relationship with moderate to strong correlations between SWVs and the amount of tensile force applied to normal Achilles tendons, indicating that SWE can show and quantify changes in the tendon load. With accurate quantification of Achilles tendon strength in vivo, the tendons that are weakest, and thus at greatest risk of rupture, could potentially be identified. Once an Achilles tendon tear has occurred, the choice between surgical and nonsurgical management can be controversial. 2 Thus, the ability to differentiate tendons that are healing successfully from those that are not is clinically important. For postoperative patients, early loading of the Achilles tendon accelerates recovery, at an 
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increased risk of rerupture. 19 The quantification of rupture risk in this patient population could decrease the risk of reinjury by altering the intensity and course of rehabilitation.
In this study, we encountered significantly higher SWVs in the longitudinal than in the transverse orientation at the same tendon loads. Previous investigators have also reported higher SWVs with the transducer in the long axis to the tendon than those obtained in the short axis. 20 Differences in velocity depending on transducer orientation can be explained by tendon anisotropy. When the transducer is in a transverse orientation, the shear wave encounters many acoustic interfaces created by tightly packed collagen bundles, slowing the SWV into the measurable range at the loads tested (0-60 N). When in the longitudinal orientation, the shear waves encounter relatively few interfaces, propagating rapidly along the long axis of the tendon fibrils.
11
Shear wave elastographic measurements made in the longitudinal orientation at loads higher than 30 N appeared to be outside the measurable range of our US system. At and above these loads, where we should have measured the most rapid velocities, we encountered the previously described elastographic artifact, which likely represents a form of aliasing. This finding suggests that in settings of high SWV measurements, such as in healthy tendons and ligaments under higher tension, velocities in the longitudinal orientation may not be accurate, at least with this US system. This aspect highlights a potential limitation of the clinical applicability of SWE technology. However, this experiment has produced useful empirical data on the range of accurate measurements that our SWE equipment can provide, which will serve as a foundation for planning future studies. We are currently unaware of whether this issue with measuring high SWVs exists with other commercially available US systems.
Estimated Achilles tendon forces during activity are much higher than those in our experiment, ranging from 1000 to 3000 N for walking 21, 22 and 8000 to 9000 N for sprinting. 23 Fortunately, it is not necessary to measure the rapid SWVs that would correspond to these high loads. Biomechanically, the stress-strain curve of a tendon has a linear range, which is directly related to the tendon's ultimate failure load and tendon elasticity. As long as shear wave measurements are obtained in the linear range, useful information about tendon strength can still be inferred.
Two prior studies noticed greater reproducibility and lower variance in longitudinal-plane strain elastographic measurements in tendons compared to transverse-plane measurements. 16, 24 In our study, the variance between longitudinal and transverse SWVs was not notably different, which suggests the additional benefit quantitative SWE provides over strain elastography. The transverse elastogram also showed inhomogeneous SWVs within tendon fibers, with higher velocities encountered within the central fibers. This finding may suggest a pattern of tendon fiber recruitment with force, although a more focused study design is necessary to confirm this possibility.
Our study had other limitations: namely, the small sample size of 5 fresh-frozen cadaver tendons. This work was a pilot study to validate our study design by demonstrating that as a normal Achilles tendon is loaded, increased tendon stiffness correlates predictably with a linear increase in SWV measurements. To that end, our sample size was adequate. Published and validated data from SWE assessments of Achilles tendon properties have included studies using in vivo and in ex vivo human and animal models. 11, [25] [26] [27] The biomechanical data obtained with our fresh-frozen human cadaver Achilles tendon model could also provide information on the tendon mechanics in living patients, although we do not know of a yet-published experiment directly comparing SWVs in human cadavers and in vivo Achilles tendons.
Some studies have suggested that histologically confirmed symptomatic Achilles tendinopathy may be detectable on qualitative sonoelastography before the grayscale appearance becomes abnormal. 17 As we did not perform a histologic analysis, we were unable to confirm that our normal tendons on US imaging were completely free of degeneration. The high degree of operator dependence in shear wave measurements has been well described, which we attempted to minimize by using the same operator and a transducer clamp. However, slightly different transducer positioning may have decreased the sampling accuracy.
The relationship between SWE measurements and the response of damaged tendons to stress has been previously studied in animal models. To our knowledge, no group has studied the relationship between human Achilles tendon SWV measurements and the amount of force required to rupture the tendon. It is also unknown whether SWVs measured when a tendon is under tension are more predictive of the rupture force than velocity measurements obtained when it is relaxed. If SWV measurements are predictive of rupture risk, it may have a role in guiding patient treatment in the future.
In conclusion, this pilot study was able to detect correlations between Achilles tendon SWE measurements and tendon loads and may serve as a foundation for the design of tendon-loading and rupture risk assessment studies.
